We study the phenomenology of the charged Higgs boson in the "flipped" two Higgs doublet model, in which one doublet gives mass to up-type quarks and charged leptons and the other gives mass to down-type quarks. We present the charged Higgs branching ratios and summarize the indirect constraints. We extrapolate existing LEP searches for H + H − and Tevatron searches for tt with t → H + b into the flipped model and extract constraints on M H + and the parameter tan β.
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I. INTRODUCTION
The Standard Model (SM) of electroweak interactions [1] has been stringently tested over the past twenty years and is in excellent agreement with all collider data. The dynamics of electroweak symmetry breaking, however, remain unknown. While the simplest possibility is the minimal Higgs mechanism [2] implemented with a single scalar SU (2) is automatically satisfied by models in which the masses of fermions with a common electric charge are generated through couplings to exactly one Higgs doublet; this is known as natural flavor conservation [3] and prevents the appearance of tree-level flavor-changing neutral Higgs interactions.
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Imposing natural flavor conservation, there are four different ways [9, 10] to couple the SM fermions to two Higgs doublets, as summarized in Table I . 2 Each of these four coupling assignments gives rise to a different phenomenology for the charged Higgs boson H ± . In 1 The 2HDM without natural flavor conservation is known as the Type III model [4] ; for a review of its phenomenology see Ref. [5] . In this model the basis chosen for the two Higgs doublets is somewhat arbitrary; basis-independent methods have been developed in Refs. [6, 7] . The flavor-conserving limit of the Type III model, in which the two Yukawa matrices for each fermion type are required to be diagonal in the same fermion mixing basis, has been developed in Refs. [8] under the name minimal flavor violation. 2 We ignore neutrino masses. each case, the charged Higgs couplings can be parameterized in terms of the free parameter tan β ≡ Φ 0 2 / Φ 0 1 . The Type-I and -II 2HDMs have been studied extensively. In particular, the Type-II 2HDM [11] [12] [13] [14] , in which one doublet generates the masses of up-type quarks while the other generates the masses of down-type quarks and charged leptons, arises naturally in supersymmetric models; this model has dominated 2HDM collider studies. The Type-I 2HDM [15, 16] , in which one doublet generates the masses of all quarks and leptons while the other contributes only to the W ± and Z boson masses, has also been widely considered, particularly in the context of indirect constraints. More recently, the lepton-specific 2HDM [9, 10] has received attention because of its possible role in neutrino mass [17] and dark matter [18] models and its potential to modify the signatures of the SM-like Higgs at the CERN Large
Hadron Collider (LHC) [19] . Charged Higgs phenomenology in this model has been studied in Refs. [20, 21] .
In this paper we study the remaining model, in which one doublet Φ u ≡ Φ 2 gives mass to up-type quarks and charged leptons and the other doublet Φ d ≡ Φ 1 gives mass to down-type quarks. This scenario has been referred to in the literature as Model IB [9, 10] , Model III [22] , Model II ′ [23] , the flipped 2HDM [24] , and the Type-Y 2HDM [20] ; following Ref. [24] we will call it the flipped 2HDM. This coupling structure was first introduced in Refs. [9, 10] and its phenomenology has been studied together with that of the other three models in
Refs. [20, [22] [23] [24] [25] [26] . The early studies in Refs. [22, 23] focused on indirect constraints while Refs. [25] and [26] considered phenomenology (mainly of the neutral Higgs bosons) at the CERN Large Electron-Positron (LEP) Collider and the LHC, respectively. Reference [24] addressed the coupling patterns of the neutral CP-even Higgs bosons. Finally, Ref. [20] presented decay branching ratios for the charged and neutral Higgs bosons.
Our aim in this paper is to provide a comprehensive study of the existing constraints and LHC search prospects for the flipped 2HDM. We begin in Sec. II with an outline of the model structure of the flipped 2HDM and the relevant Feynman rules for the charged 
II. THE MODEL
We begin as usual with two complex SU(2)-doublet scalar fields Φ u and Φ d ,
where the vacuum expectation values (vevs) of the two doublets are constrained by the W mass to satisfy v
To enforce the desired structure of the Yukawa Lagrangian we impose a discrete symmetry under which Φ d and the right-handed down-type quarks transform according to
while all other fields remain invariant. 3 The Yukawa Lagrangian is then,
where i, j are generation indices, y 
Defining tan β ≡ v u /v d , the physical charged Higgs boson is
The Feynman rules for charged Higgs boson couplings to fermions are then given as follows, with all particles incoming:
Here V ij is the CKM matrix and P L,R ≡ (1 ∓ γ 5 )/2 are the left-and right-handed projection operators. We ignore neutrino masses and thus take ν i as the flavor eigenstate corresponding to the charged lepton ℓ i . In particular, the H +ū d coupling is identical to that in the familiar Type-II 2HDM (compare Eq. 7), while the H +ν ℓ coupling has the opposite tan β dependence. 4 For comparison, the corresponding couplings in the Type-I 2HDM are [27] 
with tan β = v 2 /v 1 , where v 2 is the vev of the Higgs field that couples to fermions; the other doublet is decoupled from fermions. In the Type-II 2HDM the couplings are [27] 
again with tan β = v 2 /v 1 ; this time v 1 (v 2 ) is the vev of the doublet that couples to down-type quarks and charged leptons (up-type quarks). Finally, in the lepton-specific 2HDM the couplings are [22] 
with tan β = v q /v ℓ , where v q is the vev of the doublet that couples to up-and down-type quarks while v ℓ is the vev of the doublet that couples to leptons. 
We will work in a range of tan β corresponding to more moderate values of the Yukawa couplings; for reference, we note that
III. CHARGED HIGGS BOSON DECAYS
We compute the branching fractions of the charged Higgs in the flipped 2HDM by adapting the public FORTRAN code HDECAY version 3.3 [29] . fraction to leptons is below 10 −4 . Instead, the dominant decay mode of H + for tan β 3 is into cb with a branching fraction of about 2/3, followed by cs with a branching fraction of about 1/3. The relative strength of these two decays at moderate to large tan β is controlled by the ratio V cb m b /V cs m s > 1 (note that in the flipped model the cs branching fraction inherits the large uncertainty in the strange quark mass). The dominance of the cb mode is in contrast to the Type-II 2HDM; in that model decays to quarks dominate only at low tan β 1 where the charm quark Yukawa coupling contributes significantly to the rate,
The total width of the charged Higgs in the flipped and Type-II models is shown in couplings have identical tan β dependence in the two models. Below the tb threshold the widths are different in general; in particular, the charged Higgs in the flipped model is much narrower at large tan β because the dominant decays are controlled by couplings proportional to V cb m b tan β and V cs m s tan β, which are much smaller than the coupling proportional to m τ tan β that controls the dominant decay in the Type II model.
IV. INDIRECT CONSTRAINTS
Indirect constraints on the charged Higgs in two-doublet models come from low-energy processes in which an off-shell H + is exchanged, either at tree level or at one loop. Tree-level processes include the heavy quark decays B + → τ + ν, D + → τ + ν, and b → cτ ν, in which H + exchange can shift the decay branching fraction relative to the SM prediction, as well as decays of the τ lepton in which the ratio of rates to µνν versus eνν provides sensitivity to the mass-dependent lepton couplings of H + . The former have been used to constrain the Type-II 2HDM [30] [31] [32] [33] and the latter to constrain the lepton-specific 2HDM [20, 21] .
None of these processes provide constraints in the flipped model, however-the heavy quark decays involve a product of the H + couplings to quarks and to leptons, in which the tan β are identical to those in the Type-II model. Constraints from this process have been studied recently in Ref. [38] , which found tan β 2.0 (1.3, 0.9) for M H + = 100 (250, 500) GeV at 95% CL (two-sided one-degree-of-freedom constraint).
The decay Z → bb receives corrections in two-Higgs-doublet models from loops involving H + and top quarks and from loops involving neutral Higgs bosons and bottom quarks [39] .
The former are important at low tan β when the top quark Yukawa coupling is enhanced. The latter are important only at high tan β and can be neglected for our purposes. Constraints from this process were studied recently for the Type II model in Ref. [36] , which found that they exclude low values of tan β 1 already disfavored by the ∆M B d constraint.
V. DIRECT SEARCH CONSTRAINTS
We now consider constraints from direct charged Higgs searches performed at LEP and the Tevatron in the context of the Type-II 2HDM, and show how the resulting limits can be adapted to the flipped model. While the Higgs masses currently accessible to direct searches are already disfavored by b → sγ, the direct limits cannot be avoided by introducing additional new physics in the loops.
A. Limits from LEP
The LEP combined limit on charged Higgs pair production [40] is obtained under the assumption that BR(H + → τ ν) + BR(H + → cs) = 1. While valid in the Type-II 2HDM, this assumption does not hold in the flipped model; in particular, H + → cb is the dominant decay for tan β 3 for charged Higgs masses relevant to the LEP search. This matters because the charged Higgs search at DELPHI [41] actively selected for the cs mode, rejecting b jets using the charm mass and decay multiplicity.
In contrast, the searches at ALEPH [42] , L3 [43] , and OPAL [44] were insensitive to the final-state quark flavor and assumed only that BR(H + → τ ν) + BR(H + → qq) = 1, which is valid in the flipped model. The most stringent 95% CL limit over most of the parameter space comes from ALEPH, with a slightly stronger limit from OPAL at low tan β where the charged Higgs decay to τ ν dominates. The limits are [42, 44] ,
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Note that for charged Higgs masses around 80 GeV, the branching fraction to τ ν never rises above 0.7 in the flipped model (see Fig. 5 ). These limits are shown in Fig. 7 along with constraints from the Tevatron, which we discuss next.
B. Limits from the Tevatron
The Tevatron experiments CDF and DØ have searched for charged Higgs bosons produced in top quark decay (i.e., for M H + < m t − m b ) with H + decaying to cs or τ ν [45, 46] . Limits DØ [46] searched for charged Higgs production in top quark decays through a fit of the event rates in several single-lepton and two-lepton top quark channels, using the SM prediction for the tt cross section and known W decay branching ratios. Charged Higgs production with decays to′ would lead to an overall decrease in the rates for leptonic channels, while charged Higgs production with decays to τ ν would increase rates in the hadronic tau channel while decreasing other channels. This allows an upper limit on BR(t → For completeness, we also discuss H + H − pair production through electroweak and Yukawa interactions and H + W − associated production through Yukawa interactions.
ATLAS [47] and CMS [48] have studied tt production with one top quark decaying to a charged Higgs, t → H + b; however, all such studies to date have assumed the charged Higgs decay H + → τ ν. While this mode provides good parameter space coverage in the Type-II 2HDM, its range of applicability in the flipped 2HDM is already largely constrained by the DØ search discussed in the previous section.
Instead, the most relevant search channel in the flipped model would involve the decay H + →′ , as considered already at the Tevatron [45, 46] . We note that the dominant hadronic decay is H + → cb; b tagging may thus enhance the signal while at the same time providing evidence for the flipped model Yukawa structure.
B. H ± t associated production
The charged Higgs boson can be produced in association with a top quark through bottom-gluon fusion, gb → tH − , and through gluon-gluon fusion, gg →btH − . The inclusive cross section has been computed to next-to-leading order in QCD [49] . The cross section grows at large tan β proportional to (m b tan β) 2 ; for M H + = 250 GeV and tan β = 30
it reaches about 500 fb [49] . Above the tb threshold, the charged Higgs in the flipped 2HDM decays almost exclusively to tb. Studies of this channel done in the context of the Type-II model can thus be directly applied to the flipped model.
ATLAS [47] and CMS [50] have studied the channel tH − , H − →tb in the context of the MSSM. The charged Higgs production cross section in these studies is identical to that in the flipped model, up to tan β-enhanced corrections to the bottom quark Yukawa coupling from loops involving supersymmetric particles which can affect the tH − associated production cross section at large tan β [49] . We ignore these corrections here. The major background comes from tt plus jets. Unfortunately, both experiments conclude that given the systematic diagrams involving s-channel exchange of the neutral scalars h 0 and H 0 also contribute).
Cross sections in these modes in the flipped model are identical to those in the Type-II 2HDM; representative cross sections are quoted in Table II for M H + = 200 GeV.
The Drell-Yan process and the two Yukawa processes were studied in detail at NLO in Ref. [51] . At low to moderate tan β values, the Drell-Yan process dominates with a cross The weak boson fusion process was studied in detail in Ref. [52] . It does not depend significantly on tan β; for M H + = 200 GeV we found a tree-level cross section at the LHC of 17 fb [21] . While this cross section is rather small, it falls more slowly with increasing M H + than the s-channel processes and the two forward jets may provide useful kinematic handles against QCD backgrounds.
For charged Higgs masses below the tb threshold, the dominant decay for tan β larger than a few is H + → cb, leading to a signal in these channels of cbcb. We expect that this will be completely swamped by four-jet QCD backgrounds. Charged Higgs production in top quark decay has already proven to be a more sensitive channel at the Tevatron and we expect that this will remain true at the LHC.
For charged Higgs masses above the tb threshold, the signal in any of these channels will be H + H − → tbtb. We expect that backgrounds will be dominated by tt just as in the case of the tH − , H − →tb channel discussed in the previous section; at the same time the signal cross section is at least an order of magnitude smaller than for tH − . Unless the forward jets in the weak boson fusion process can be used to severely reduce the background, we thus expect that these channels will be even less sensitive than tH − associated production.
Finally, we consider associated production of a charged Higgs boson with a W ± , initiated by bb fusion at tree level or gluon fusion at one loop. These processes can proceed directly via H + couplings to an initial or internal fermion, as well as via H + W − coupling to an schannel neutral Higgs boson (h 0 , H 0 , or A 0 ). The leading-order cross sections were computed in Refs. [53, 54] for the MSSM Higgs sector. Squark loop contributions to the gluon-fusion process in the MSSM were computed in Refs. [55] , and one-loop electroweak and QCD corrections to the bb fusion process were considered in Refs. [56] and [57] , respectively. For
The bb fusion process is dominant, in part because of strong destructive interference between quark box and triangle diagrams in the gluon fusion process [54] .
The cross sections in the flipped 2HDM are the same as those considered in Ref. [54] for the same Higgs spectrum and mixing angles, except for the absence of supersymmetric tan β-enhanced one-loop corrections to the bottom quark Yukawa coupling. However, the MSSM imposes stringent relations among the neutral and charged Higgs masses which are absent in a generic 2HDM. Reference [58] studied H ± W ∓ production at the LHC in a generic 2HDM and found that, compared to the MSSM case, the cross section could be enhanced by one to two orders of magnitude in some parts of parameter space (allowed by all theoretical and experimental constraints) due to the lifting of destructive interference or resonant production of a heavier neutral Higgs boson followed by decay to H ± W ∓ .
Reference [59] studied the LHC search prospects in this channel with W ∓ → ℓν and H ± → tb. In the context of an MSSM-like Higgs sector, the signal appears to be completely swamped by the large tt background; however, in favorable non-MSSM-like regions of 2HDM parameter space the cross section could be enhanced to an observable level [58] . Taking m t = 171.2 GeV and M W = 80.398 GeV [28] yields Γ(t → W + b) = 1.44 GeV.
In the flipped and Type-II models, the partial width for t → H + b is given at tree level by,
where we again neglect the final-state bottom quark mass in the kinematics, but keep m b
where it enters the charged Higgs Yukawa coupling. In particular, the decay width becomes large at both low and high tan β.
At high tan β the H +t b coupling is dominated by the term proportional to m b tan β. This coupling receives large QCD corrections, which can be mostly accounted for by using the running bottom quark mass evaluated at the energy scale of the process, which we take to be M H + . We use the one-loop expression for the running bottom quark mass, 
We use α s (M Z ) = 0.1176 [28] .
